Background: Beta-hydroxybutyrate (BHB) as a ketone body is the metabolic fuel in oxidative phosphorylation pathway. So far the effects of BHB on the biology of tumor cells is contradictory. Therefore, we investigated the effect of BHB on viability, metabolism, proliferation and migration of 5FU treated SW480 colon cancer cell line. Methods: we treated the SW480 cells with IC 50 dose of 5-fluorouracil (5FU) for 72 h to isolate a subpopulation of 5FU treated cells that were resistant to it. Effects of BHB on cell viability was investigated by MTT assay. Measurement of oxygen consumption rate (OCR) in parallel with extracellular acidification rate (ECAR) upon BHB treatment was used for determination of metabolic profile of these cells. Investigating the relationship between metabolic phenotype and the status of differentiation and stemness was done by analyzing the expression of PGC-1α, c-MYC, NANOG, ALP i and KRT20 genes by qRT-PCR. Clonogenic and scratch assay were performed to determine the proliferation and migration abilities of incubated with BHB compared to untreated cells. Results: BHB increased cell viability in SW480 and 5FU treated SW480 cells. The results showed a significantly decreased ECAR and increased OCR in both cell types following BHB treatment reflecting the superiority of oxidative phosphorylation profile compared to glycolysis in both cell types. Also, treatment with BHB increases the expression of genes normally associated with stemness and mitochondrial biogenesis and decreases the expression of genes related to glycolytic program and differentiation in 5FU treated cells. Self-renewal and migration potential of BHB treated cells increased significantly. Conclusion: These findings suggest that BHB utilization via oxidative mitochondrial metabolism can fuel proliferation, migration and stemness in 5FU treated SW480 colon cancer cells.
Introduction
Colorectal cancer cells are very heterogeneous and diverse in terms of tissue and function. The high rates of proliferation in these cells make them to adapt their metabolism to supply metabolites for the production of ATP, maintaining the oxidation reduction balance, survival and growth. It seems that due to the limited availability of fuel sources subgroups of these cells with stemness properties and tumor formation ability called (Cancer Stem Cells) have flexibility in using a spectrum of glycolytic to oxidative phosphorylation metabolism so that they can survive in a harsh environment and restore the entire tumor mass again (Zeuner et al., 2014) . This diversity is the result of the interaction of genetic factors, epigenetics and the microenvironment (Visvader, 2011) . Although from about 100 years ago, cancer was known deacetylases, increase in the histone acetylation and beta-hydroxylation epigenetic marks can regulate genes expression which are involved in reprogramming of cancer stem cells such as induction of differentiation, EMT and stemness (Bartmann et al., 2018 , Kong et al., 2012 , Dokmanovic et al., 2007 , Zhang et al., 2013 , Xie et al., 2016 .
In the traditional view, the genetic pattern of the cancerous tissue was determining the metabolic pathway to meet its metabolic needs and since the aerobic glycolysis pathway has been considered for many years as the preferred route of cancer cell metabolism, the increase in ketone bodies following a ketogenic diet for example, including BHB, in some studies has been proposed as an auxiliary treatment for cancer by disrupting this metabolic pathway (Menendez, 2015 , Seyfried et al., 2003 , Zuccoli et al., 2010 . Other studies have suggested that this ketone body is a suitable fuel for breast cancer stem cells in the direction of oxidative phosphorylation, which not only plays a role in treatment, but also contributes to the progression of metastatic growth of cancer cells in stress conditions (Bonuccelli et al., 2010 , Martinez-Outschoorn et al., 2011 . On the other hand, some researchers believe that the addition of BHB by preventing the induction of autophagy in adjacent fibroblasts of cancer cells prevents cachexia, preserves muscle mass and improves the general condition of patients (Shukla et al., 2014) .
Considering this suggestion that cancer stem cells exist with different characteristics and abilities compared to bulk tumor cells and subtypes of the same tumor mass represent a spectrum of glycolytic to oxidative phosphorylation phenotype (Martinez-Outschoorn et al., 2016) , determining the exact type of cell metabolism that can control the fate of cancer cells through epigenetic regulations seems to be necessary to lead to the adoption of appropriate treatment.
Given the inconsistencies in the effects of BHB as a mitochondrial fuel and the high prevalence and frequency of relapse after chemotherapy in colorectal cancer which has been much discussed (Hammond et al., 2016) , in the present study we have investigated the effect of treatment with it on the metabolic phenotype of subpopulations of SW480 colorectal cancer cell line that are more resistant to a chemotherapy drug, 5-Fluorouracil (5FU) as a model of cells with more stemness properties (Denise et al., 2015) .We have also analyzed the differences in the expression patterns of some stemness and differentiation genes, migration and colony formation abilities of these roughly chemo-resistant cells in comparison with wild type SW480 cells.
Materials and Methods
Cell culture and determination of IC 50 dose for 5FU using MTT colorimetric assay Human SW480 cells (obtained from National Cell bank of Iran, Pasteur Institute, Iran) were grown under standard conditions, including DMEM (GIBCO, Life Technologies) with 10% FBS (GIBCO, Life Technologies), 1% Pen/Strep (Sigma), 1% L-Glutamine (Sigma), 5% CO 2 , 95% humidity at 37 °C, and with media exchange every 2-3 days. Confluent cells were harvested by EDTA-trypsin. For Determination of IC 50 dose of 5FU (Ebewe PHARMA, AUSTRIA), SW480 cells were seeded at 5,000cells/well in flat-bottom 96-well culture plates. The cells were incubated with 5FU for 72 h. After medium removal, the cells were incubated with MTT (Sigma, St. Louis, USA) solution (5 mg/mL in PBS) for 4 h and the resulting formazan was solubilized with DMSO (200 µL). The absorption was measured in an enzyme-linked immunosorbent assay (ELISA) reader (ELx808, BioTek). The IC 50 of 5FU was calculated based on concentration and percentage of cell viability by measuring absorbance at 570 nm.
Cell viability analysis
To determine the effects of BHB (Sigma, St. Louis, USA) on the viability of SW480 and the isolated 5FU treated cells, Using the MTT colorimetric assay, 3000 cell/well were seeded and after 24 h, they were treated with BHB (50, 100, 250, 500, 1,000, 2,500, 5,000 µM) for 72 h. Then, after performing similar steps to the previous protocol for MTT, absorbance was read at 570nm.
Measurements of oxygen consumption and extracellular acidification rates
The analysis of metabolic phenotype was conducted based on measurements of extracellular oxygen consumption as an indicator of oxidative phosphorylation and extracellular acidification rate as a measure of glycolysis by investigating the changes in fluorescence signal from the fluorophore using the MitoXpress® Xtra kit and the pH-Xtra kit (LuxcelBioscience, Cork, Ireland) respectively in SW480 and 5FU treated SW480 cells using fluorescent indicators. Briefly, about 70,000 cells/well in 96-well plates were cultured overnight in a standard CO 2 incubator and then cells were treated with BHB (at the concentration equal to calculated EC 50 dose at 250µM) for 24 h that maintained for the duration of the experiment. For OCR measurement as recommendations by manufacturer, after addition of the probe and 2 drop of mineral oil for sealing, Fluorescence signal intensity was measured kinetically on a plate reader (Cytation 3, Bio-Tek) at 37°C every 1:30 minutes for at least 120 minutes in time-resolved fluorescence (TR-F) mode using a 365 nm excitation and 650 nm emission filters, delay times 30 and 70μs.
Extracellular acidification rate (ECAR) was determined separately after removing CO 2 by keeping the cells in a CO 2 free incubator at 37°C for three hours before measurements. The changes of intensity of fluorescence was measured with excitation and emission wavelengths of 380 nm and 615 nm every 1:30 minutes for at least 120 minutes in time-resolved fluorescence (TR-F) mode after adding pH-Xtra reagents. Using the slope of the linear portion of the curve obtained from plotting the fluorescence intensities against each time point, the mean values of 2 repeats of triplicate samples were statistically analyzed.
cDNA synthesis and RT-PCR assay
Total RNA was extracted by RNX-Plus solution of 5FU following 72 h exposure ( Figure 1A ), accordingly the IC 50 value at 20 µM (10.62-39.74) for 5FU was calculated, as are shown (Figure1B).
Then the Confluent monolayer of SW480 cells were subjected to the IC 50 dose of 5FU (equal to 20 μM) for according to the supplier's protocol (Cinaclone, Iran). First, strand complementary DNA (cDNA) was synthesized by cDNA synthesis kit using 1 µg of the extracted RNA (2-step RT-PCR kit, Vivantis, USA), The polymerase chain reaction (PCR) for PGC-1α, c-MYC, NANOG, ALP i and KRT20 and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (as internal control) was performed by the Master PCR Kit (AmpliqonSYBR green master mix) according to the manufacturer's instructions. The applied primers is presented in Table 1 .
Colony formation assay
To determine the Cells ability to form colonies, about 80-100 cells/well in 12-well plates were seeded overnight and treated with 250 µM of BHB. after 14 days of incubation, Colonies were fixed for 5 minutes with acetic acid/methanol 1:7 and then stained with 0.05% crystal violet (Sigma Chemical Company, Louis, MO, USA) for 2 h at room temperature, washed with tap water, air-dried, and Colonies of at least 50 cells were counted with the microscope. The colony formation potential was defined as the percent of the number of colonies formed to the number of primary seeded cells.
Scratch assay
To examine the ability of cells migration, after the formation of 90% confluence monolayer, a gap was created in the middle of the 12 -well plate with the head of the crystalline tip. Next, the wells were washed twice with PBS to remove loose cells and fresh medium along with 250 µM BHB was added. Photographs were taken at 0, 36 and 72 h to assess cell migration that was calculated as percentage of wound closure:
At =0h is the area of wound measured at time 0 after scratching and A t =Δh is the area of wound measured 36 or 72 hafter scratching (Yue et al., 2010) .
Statistical analysis
Data are presented as mean ± standard deviation (S.D.). Statistical analysis was performed Using SPSS 21 software and was determined by two-tailed Student's t-test, one-way ANOVA (Tukey post-hoc test). Measuring the distance between the edges of scratches was performed using ImageJ software. For OCR and ECAR, the slopes of individual linear regression lines were compared. P < 0.05 was considered to be statistically significant. The software GraphPad Prism 6 (La Jolla, CA 92037 USA) was used to create the Figures and determine the EC 50 and IC 50 doses using the dose-response curve function of this software.
Results

Establishment of 5FU resistant colon cancer cell line from SW480 wild type
To determine the IC 50 value of 5FU using the MTT test, the percentage of SW480 cell viability was plotted against increasing concentrations (0, 10, 50, 100, 150, 200, 300μM) 72 hours, after that the fresh complete media was added to the surviving cells for a couple of weeks provided for their proliferation. These cells, which were in the logarithmic phase, were isolated as our target population in all experiments in this study to be compared with their parent cells.
Incremental effects of BHB treatment on cell viability
We observed that 72h treatment of BHB at various concentrations (0, 100, 250, 500, 1,000, 2,500, 5,000 μM), increased cell survival in both groups of 5FU treated and SW480 cells at most concentrations. By increasing the BHB concentration up to 250 µM, an increasing trend is observed in the survival of the cells. But in concentrations between 250 and 500 µM or above, although cell viability is still higher than that of control group, a downward reversal trend can be seen (Figure 2A) .
The concentration-response curve was used to calculate the EC 50 values at 250.6 (53.14-1182) and 248.5 (26.26-2351) µM for BHB ( Figure 2C and D) in 5FU treated and SW480 cells respectively ( Figure 2B ).
Increase in oxygen consumption and decline in extracellular acidification rates
To determine whether 5FU treated cells in comparison ( Figure 3A and 3B) . The results showed a significantly decreased ECAR and increased OCR in both cell types following BHB treatment ( Figure 3C ), reflecting the superiority of oxidative phosphorylation profile compared to glycolysis in both cell types.While treatment with BHB resulted in a significant increase of about 5-fold of OCR compared to the control group (p<0.0001), ECAR showed a significant reduction after BHB treatment compared to control group in both cell types (p<0.0001).
Analysis of gene expression
In order to investigate the relationship between metabolic phenotype and the status of differentiation and stemness, we analyzed the expression of some critical genes including NANOG, a stemness marker, c-MYC oncogene which seems to be related to the glycolytic program, Intestinal Alkaline Phosphatase (ALP i ), a cell surface glycoprotein that used as an intestinal differentiation marker (Matsumoto et al., 1990) , Keratin 20 (KRT20), a member of the intermediate filament and a well-known marker of intestinal differentiation and PPARGC1A (PGC-1α), a master regulator of mitochondrial biogenesis and the metabolic shift toward oxidative phosphorylation in 5FU treated and SW480 cells following 72 h treatment with BHB.
The analysis of the expression of genes in SW480 cells is shown in (Figure 4A ), PGC-1α expression after treatment with BHB significantly decreased relative to control (p<0.0001). c-MYC expression after treatment with BHB increased significantly compared to control (p<0.05). No differences were observed in ALP i and NANOG expression in SW480 cells (p>0.05). KRT20, as a marker for the differentiation of colon cells, was not expressed at all.
As shown ( Figure 4B ), the expression of PGC-1α in 5FU treated cells showed a significant increase (p<0.0001) after BHB treatment.The expression of oncogenic c-MYC showed a significant decrease compared to control after BHB treatment (p<0.05).Treatment with BHB significantly reduced ALP i expression (p<0.05). The expression of NANOG after treatment with BHB significantly increased compared to control (p<0.05).
BHB treatment was associated with increased self-renewal ability
Self-renewal ability, which is one of the characteristics of stem cells, was investigated by treatment with BHB in 5FU treated compared to SW480 single cells using a clonogenic assay. As seen in (Figure 5 ) BHB treatment in both cell types caused a significant increase in colony formation potential compared to control (p<0.05).
Increased cell migration following BHB treatment
Migration ability of 5FU treated and SW480 cells following treatment with BHB, was investigated by scratch assay as a functional test. The first microscopic assessments at 0, 18, 36, and 72 hours showed that cells in both types migrated to the wound (Figure 6 A and B) .
As shown in (Figure 6 C and D) the average migration rate of SW480 and 5FU treated cells (wound closure percentage) showed a significant increase after 36 and 72 hours of BHB treatment using one-way ANOVA analysis (p<0.05).
Discussion
We provide here a proof of growth, survival, migration and expression of genes involved in mitochondrial biogenesis, stemness and differentiation with the consumption of BHB as one of the derivatives of AcetylCoA, in the pathway of oxidative mitochondrial phosphorylation in 5FU treated SW480 colon cancer cells.
A series of recent studies have shown that glycolytic phenotype has been dominant in the field of breast cancer, liver and nasopharyngeal carcinoma, similar to that of natural embryonic stem cells (ESCs) (Sancho et al., 2016) . In addition, iPS Cells resulting from the reprogramming process of somatic cells have also been reported to increase glycolysis, which may indicate a link between this metabolic phenotype and those of the stem cells (Folmes et al., 2011) .
On the other hand, studies on cancer stem cells in lung, colon, glioblastoma and adenocarcinoma of the pancreatic ducts have reported the oxidative mitochondrial phosphorylation, which is the preferred pathway of natural somatic cells, as the preferred metabolic phenotype in these cells (Janiszewska et al., 2012 , Sancho et al., 2015 , Ye et al., 2011 , Peiris-Pagès et al., 2016 , Bonuccelli et al., 2010 . Using the data from measurement of oxygen consumption and extracellular acidity, our study showed that glycolytic activity decreased in favor of oxidative phosphorylation in BHB treated cells. Since our target cells in this study were only enriched on the basis of resistance to chemotherapy drug as one of the available methods for the isolation of cancer stem cells, we could not definitely call them stem cells, but they can be considered as a subpopulation of metastatic, undifferentiated and resistant to chemotherapy drug cancer cells that are able to use metabolic fuels in the oxidative phosphorylation pathway, which is consistent with the results of the studies mentioned above. In general it can be inferred that there is a plasticity in metabolic preference among different cancer cells.
The findings of the study on pancreatic ductal adenocarcinoma have proved that the expression of the transcription factor PGC-1α, a key regulator of mitochondrial biogenesis, tumorigenesis and self-renewal, is essential for the oxidative phosphorylation function. In addition, the c-MYC-dependent glycolytic program was found in cells that were more differentiated, which contradicted the fact that c-MYC increase stemness by increasing glycolysisthrough up-regulation of glycolytic enzymes and inhibiting PGC-1a expression. According to the results of this study, c-MYC can act as an upstream PGC-1α inhibitor, and knockdown or inhibition of c-MYC had led to increased expression of PGC-1α and, consequently, increased oxidative phosphorylation and decreased glycolysis (Sancho et al., 2015) . Investigating the expression of genes associated with metabolic pathways in our study also indicated an increase in PGC-1a expression and decreased c-MYC expression following BHB use in 5FU treated cells, which confirms the ability of these cells to use the oxidative phosphorylation pathway.In this study, we can see a difference in the expression of PGC-1α and c-MYC between the two cell groups. There are studies that show 5FU itself displaces metabolism toward oxidative phosphorylation and it has the ability to activate AMPK and PGC-1α, which ultimately leads to increased mitochondrial biogenesis and oxidative phosphorylation (Denise et al., 2015 , Luo et al., 2013 , Kurz et al.,2004 . The activation of the SIRT1 / PGC1-α axis has contributed in the development of resistance to chemotherapy and the metabolic shift towards oxidative phosphorylation in colon cancer cells that had metastasized to the liver (Vellinga et al., 2015) .Therefore, the difference in gene expression between the two groups of cells can be attributed to the effects of 5FU.
There are studies that indicate the role of BHB as histone deacetylase Verdin, 2014b, Shimazu et al., 2013) , and taking into account the results of some studies that indicate that histone deacetylases play a role in inducing differentiation by regulating the expression of genes (Marks et al., 2000 , Zhang et al., 2013 , but the results of this study showed that BHB reduced the expression of ALP i , which is a marker of intestinal cell differentiation (Hinnebusch et al., 2004) . KRT20 as a well-known differentiation factor of intestinal epithelial cells (Chan et al., 2009 ), also did not expressed in this study, and we even see an increase in the expression of the stem cell pluripotency factor NANOG which is related to stemness characteristics, may be through inducing mitochondrial fatty acid oxidation (FAO) genes expression and metabolic reprogramming (Chen et al., 2016) . Although we did not investigate the molecular mechanisms of regulating genes expression in this study, but according to the results of some studies, it may be justified that BHB as a high-energy fuel and by increasing the Acetyl-CoA content may increase histone acetylation (Newman and Verdin, 2014b) , that by loosening the structure of nucleosomes promote genes transcription that are involved in controlling the stemness (Verdone et al., 2005, Shi and Tu, 2015) . The results of some existing studies indicate a role for histone acetylation in induction of stemness in embryonic stem cells (Moussaieff et al., 2015) . Therefore, it seems that BHB acts as a tumor growth booster both through fueling via mitochondrial metabolism and also through epigenetic mechanisms.
In addition, increased proliferation capacity, ability to self-renewal and migration of these cells in the presence of BHB were evident in this study which is consistent with the results of studies conducted in breast cancer cells (Martinez-Outschoorn et al., 2011 , Bonuccelli et al., 2010 .
Fluorouracil is used as one of the first line drug in chemotherapy in many cases of cancers including colorectal and still, the complication of recurrence and metastasis is problematic (Loupakis et al., 2014, Longley and Johnston, 2005) . Considering the results of this study and the similar studies available suggesting the ability of these cells to use mitochondrial aerobic metabolism, administering a ketogenic diet to patients as an auxiliary treatments, assuming that the Warburg effect does not allow cells to use ketones, is implausible and requires further studies.
In summary, the results of this study suggest that 5FU treated colon cancer cells are able to use aerobic metabolic fuel BHB, and their stemness features also increased. Given that this ability to change and flexibility in energy metabolism make it possible to adapt to different conditions and even develop more malignant and aggressive behaviors that ultimately determine the fate of the cell and host.
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